In this study, a variable viscoelastic joint system with a clutch for human assistance was proposed. The variable viscoelastic joint system comprised antagonized artificial muscles and magneto-rheological fluid brake. This system enabled the human assisting device, such as exoskeletons, to retain structural softness when compared with the existing devices driven by motor and reduction gear, which could only achieve superficial softness. In addition, a clutch system that provided high back-drivability to the wearer by structurally separating the device from the wearer was proposed. As an initial step in designing the human assisting device, a prototype with the proposed variable viscoelastic joint system for knee assistance is developed. Also, its control method was developed. Furthermore, experiments were conducted to confirm the influence of the proposed viscoelastic joint system and control method on the wearer.
Introduction
Recently, several human assisting devices have been developed to reduce heavy labor workloads and support individuals with disabilities (Hayashi et al., 2005; Muramatsu et al., 2013; Sano et al., 2013) . The effectiveness of these was confirmed in diverse ways such as the reduction in surface electromyography (EMG) .
The exoskeletons need to be driven softly to provide the wearer with safe and cooperative assistance. However, the existing human assisting devices driven by motor and reduction gear (Hayashi et al., 2005; Sano et al., 2013 ) could achieve only superficial softness by controlling the torque and joint angle. These methods make devices expensive because they require many sensors. Also, this actuation method causes degradation of energy efficiency since it needs motors, sensors, and gearbox at movable member and consumes energy for the movement of the devices itself. Moreover, the method prevents natural motion of wearer since it has low back-drivability in power source loss.
Thus, to solve these problems, ''Muscle Suit,'' exoskeleton with pneumatic artificial muscle, was developed (Muramatsu et al., 2013) . The exoskeleton could perform soft assist motions and possessed back-drivability without control logic. The exoskeleton was assisted by the application of constant air pressure. Therefore, it could harm the wearer by excessive assistance force because it cannot control the assistance force according to the posture of the wearer. Moreover, the actuation method of the exoskeleton cannot be regarded as the most suitable system for assistance as it cannot control the inertia generated by the assistance. In addition, this actuation method focused only on the high power density of the artificial muscle. Hence, it does not utilize the pneumatic character of the artificial muscle that could change the stiffness.
Nevertheless, human joints are moved and controlled by the variable viscoelasticity generated by the antagonized muscles. As discussed above, the actuation method of the human joint differs from other actuation methods such as torque and angle control or the application of constant air pressure. It is estimated that placing an assisting device with the same actuation method as that of a human joint in parallel with the human joint provides high compatibility for the wearer. However, to date, assisting devices of this type have not been developed.
Thus, in this study, a variable viscoelastic joint system with a clutch was proposed. The proposed system can be driven softly without sensors and provides high back-drivability with wearer to solve the previously mentioned problems. This article is divided as follows. In section ''Concept of the proposed actuation system,'' the details of the two proposed systems are discussed. One of the systems is a variable viscoelastic joint system with a pneumatic artificial muscle and magnetorheological (MR) brake. The other system is a clutch system to enhance the back-drivability of the human assisting device comprising the MR brake. In section ''Development of prototype for knee assistance,'' the prototype of the system for knee assistance is developed. In addition, the controller that independently controls the angle, elasticity, and viscosity of the prototype is developed in section ''Variable viscoelastic controller.'' Finally, simple knee motions' experiment, namely, the lifting up and lifting down leg motions while sitting down, was conducted to confirm the effectiveness of the proposed viscoelastic joint system and clutch system in section ''Stiffness and viscous control method.''
Concept of the proposed actuation system
This chapter describes the concept of the proposed variable viscoelastic joint and the clutch system. The characteristics of pneumatic artificial muscle and MR brake are also described.
Proposed system of the actuation system
The concept of the proposed system is shown in Figure 1 . It consisted of antagonized artificial muscles and MR brakes. The artificial muscles that were attached to the input shaft through a pulley helped in achieving variable elasticity. The joint angle and joint elasticity could be controlled independently by controlling the air pressure of the two artificial muscles without feedback control. Using air cylinder seems effective as well to achieve variable elasticity. However, it needs feedback control to control angle with air cylinders because the contractive force of the air cylinder is constant at same pressure. Pneumatic actuators have advantages that they are lightweight and structurally flexible, but they have disadvantage that there response is slow. Therefore, using feedback control for pneumatic systems causes response delay of the systems.
Variable viscosity could be achieved by controlling the friction torque with the MR brake according to the rotation speed of the input shaft. The clutch system also consisted of the MR brake. The clutch provided the wearer with high back-drivability when the joint system was not actuated by separating the input shaft from the output shaft.
Note that the proposed viscoelastic system had the same actuation method as the human joint. Therefore, it is assumed that placing the joint system in parallel with the human joint provided a high level of compatible assistance.
Pneumatic artificial muscle
A schematic diagram of the pneumatic artificial muscle is shown in Figure 2 . The artificial muscle consisted of carbon fibers and latex rubber and had a construction force greater than that of the McKibben-type artificial muscle, which is generally used as the artificial muscle (Nakamura, 2006) . Furthermore, the stiffness was changed constitutively according to the applied pressure (Nakamura et al., 2011) . Figure 3 shows the relationship between the stiffness and the applied pressure at different contractive forces. The variable elasticity of the joint could be achieved by placing the antagonistic artificial muscles through a pulley.
MR brake
The MR fluid is a functional fluid that alters the viscosity reversibly within approximately 10 ms by applying a magnetic field (Park et al., 2009 ). The MR brakes made by ER-tech Co. were used to realize variable viscosity and the clutch of the proposed system. The MR brake could control friction torque within approximately 10 ms utilizing the characteristics of the MR fluid. Therefore, the joint system with the MR brake could handle instantaneous load because the response speed was faster than that of the human muscle.
A schematic diagram of the MR brake is shown in Figure 4 . The MR brake comprised an outside case, an inside core, and the MR fluid that filled the inside of the MR brake. The inside core had disks and a coil for generating the magnetic field. Friction torque was generated between the disks and the MR fluid by applying voltage to a coil. Figure 5 shows the relationship between the friction torque and the rotation speed at multiple input currents. The result shows that friction torque does not receive much effect of rotation speed. With this characteristic, the viscous torque calculated by angular velocity and target viscosity can be generated by providing current to the MR brakes.
Development of prototype for knee assistance
This section describes the prototype for knee assistance with the proposed viscoelastic system and the clutch system. A schematic diagram of the knee prototype is shown in Figures 6 and 7, and its specifications are given in Table 1 .
The two types of the MR brakes available are shown in Table 2 . For the clutch system, a medium-sized MR brake was used, as a large friction torque was required by the clutch system to not lose the input torque from the input shaft; 10 N m is small to support daily motion, but it is enough for the prototype because the experiment conducted in this article is the lifting up and lifting down leg motions while sitting down which does not need large torque.
For the system with variable viscosity, a small-sized MR brake was used with gears. The gear ratio of the input shaft to the MR brake was fixed at 2:1 to equalize the maximum friction torque of the MR brake for the clutch and variable viscosity. The pulley radius for the system with variable elasticity was designed as 27 mm so that the prototype could assist at an angle of 90°, which was the range of motions of the knee joint in daily life.
The prototype had a rotary encoder for measuring the knee angle and a load cell for measuring the construction force of the artificial muscle. Its frames are made of aluminum, and other structural members such as supporters are made of acrylonitrile butadiene styrene (ABS).
Variable viscoelastic controller
This chapter describes the feed-forward (FF) controller which controls viscosity, elasticity, and angle independently. In addition, the experiments are conducted to confirm the performance of the FF controller.
Controlling air muscle with EML
The method for controlling air muscle is proposed by previous studies (Maeda et al., 2008) . With this controller, the pressure applied to the artificial muscles can be calculated by target constructing force and target shrinkage. In equation (1), P in is the pressure applied, and F is the constructing force. G 1 (x), G 2 (x), and G 3 (x) are the constants defined by shrinkage x and specifications of air muscle shown in Table 3 P in ðx; FÞ = G 1 ðxÞ + FG 2 ðxÞ f g G 3 ðxÞ ð1Þ
Angle and elasticity controller
The FF controller is described in this section. It calculates the pressure applied by target joint stiffness K J , target joint angle u J , and target joint torque t j . The schematic of the proposed joint is shown in Figure 8 . P i is the applied pressure, k i is the stiffness of air muscle, x i is the shrinkage of air muscle, r is the radius of pulley, and F i is the contractive force of air muscle. The schematic of the FF controller of the proposed joint is shown in Figure 9 . First, the shrinkage of air muscle x i is calculated as below. c i in equations (2) and (3) is the slack of the wire when the joint angle is 0°x
Second, K J is calculated as below
The stiffness of air muscle k i is linear to the applied pressure as explained section ''Concept of the proposed Figure 7 . Wearing the prototype. actuation system.'' Here, k a is defined as k i = k a P i . Therefore, K j is rewritten as below
Next, from formula (1), the contractive force of air muscle F i is calculated as below
Also, the equilibrium of the moment of the proposed joint is formularized as below
From formulas (5), (6), and (7), the following equation is obtained
From formulas (2), (3), (8), and (9), the joint stiffness, joint angle, and joint torque can be controlled independently.
Viscous torque controller
The target viscous torque was calculated by multiplying the target viscosity coefficient D and rotational speed of the input shaft du/dt
The viscous torque is generated by applying voltage to the MR brake. As shown in Figure 5 , the friction torque of the MR brake is linear to input voltage.
Experiment
To confirm the FF controllers' function, three experiments have been conducted. One is for the angle controller, the second one is for the stiffness controller, and the third one is the torque controller. Viscous controller confirmation is not needed because viscous torque follows target viscous torque almost without much delay. Figure 10 shows the result of angle control experiment. The target torque is 0 N m in this experiment. The joint stiffness is 0.05, 0.10, and 0.15 N m/°, and the joint arm is removed not to give disturbance torque generated by gravity to the joint. From the result, it is confirmed that the angle of joint follows target angle. However, when the joint stiffness is 0.05 N m/°, the controller does not work. It is assumed that 0.05 is too low to use the FF controller. Figure 11 shows the result of the stiffness control experiment. The stiffness is calculated by added disturbance torque and measured joint angle. The target angle is 0°, 45°, and 90°, and the disturbance torque is 3 N m. From the result, it is confirmed that the measured stiffness almost follows target stiffness. However, there are differences caused by plural factors at high stiffness. They can be assumed as below. When the target stiffness is 0.1-0.15 N m/°, the bigger the target stiffness, the more difference appears. It is because air muscle's stiffness is higher than the expected value. As Figure 3 shows, the measured value of the stiffness is little bit higher than the linearized value at high constructive force. Therefore, at high joint stiffness, namely, at high construction force, the difference is bigger. Also, it is caused by model error of the artificial muscle. Figure 12 shows the result of torque control experiment. In the experiment, the output torque at three different angles is measured. The stiffness is 0.10 N m/°in all conditions. From the result, the measured torque almost follows the target torque. The difference at high output torque is caused by model error of the artificial muscle.
Stiffness and viscous control method
In section ''Variable viscoelastic controller,'' the proposed system which consists of antagonized pneumatic muscle and MR brake can control angle, stiffness, viscosity, and torque independently. In this section, how to decide the target values is described.
Viscoelasticity of human joint
The human joint is driven by antagonized muscle through bones as shown in Figure 13 . This structure enables human joint control stiffness and viscosity. A previous study says they are linear to joint torque (Yoshida et al., 2007) . Thereby, target stiffness and viscosity are calculated by the target torque in this study. Also, it is said that the increase in viscoelasticity reduces the response speed of the joint and improves stability. Therefore, viscoelasticity is reduced in humans when the joint starts movement and increased when it stops movement.
Control method
The control method is shown in Figure 14 . This method is designed after human joint to provide high compatibility with the wearer. The target stiffness and viscosity are calculated by multiplying gain K S and K D with target torque which is calculated by target movement. The phase decision part recognizes whether the phase is a braking or beginning phase by angular velocity and angular acceleration.
Surface EMG evaluation experiment
In this section, the experiments were conducted to investigate the influence of the viscoelastic joint system on human. The influence was evaluated by measuring the surface EMG of vastus medialis (VM).
Experimental condition
Simple knee motions, namely, the lifting up and lifting down leg motions while sitting down, were selected for the experiment (Figure 15 ). The knee is moved from 0°t o 70°alternatively. The 1.5 kg weight is fastened to the ankle during the experiment. The subject was a 27-year-old healthy male. The surface EMG was measured to confirm the utility of the assistance. Surface EMG is a technique for evaluating and recording the electrical activity produced by the muscles. The muscle for measuring the surface EMG is the VM. This is the muscle involved in the knee extension. Figure 15 describes the motions of the experiment. While the prototype repeats programmed movement, the subject moved the lower leg to synchronize with the prototype.
The surface EMG was measured with a surface myoelectric potential sensor (EMG-025) made by Harada Electronic Industry Ltd. A disposable electrode (M-150) made by Nihon Kohden was used as the surface electrode. The distance between the electrodes was 40 mm. The earth electrode was adhered on the bone projection near the measured muscle. The surface EMG signal was input into the PC through the analogto-digital (A/D) converter. The surface EMG signal was subjected to band-pass filtering (30-300 Hz), root mean square (RMS) processing (with an average range of around 0.2 s), and low-pass filtering (10 Hz). It was recorded every 1 ms.
Before the experiment, maximum surface EMG is measured. It is measured by extending knee joint with full strength in 5 s while sitting down. The experiment is conducted two times, and the mean value is used as the maximum value.
Target angle and torque
The knee torque cannot be measured directly, thereby it is obtained by simulation. The model of the lower leg and calculated knee angle is used for the simulation. The model of the lower leg is shown in Figure 16 , and the parameters used for simulation are shown in Table 4 .
The moment of inertia of lower leg I L is calculated by approximating the lower leg to column shape. With the model, I L can be calculated as below
The weight is regarded as point mass. The moment of inertia around knee axis I can be calculated as below
Then the knee torque can be calculated as below. a in equation (13) is the assist rate of the experiment
To calculate t J with equation (13), angle, angular velocity, and angular acceleration of experimental motion are needed. Hopefully, the measured angle during the experimental motion without weight should be adopted because it represents the natural motion of the experiment. However, angular velocity and angular acceleration cannot be calculated from the measured angle since it may have noises. Therefore, the target angle is determined experimentally as below.
First, sine wave with the vibration 21 to 1 and 4 s period is generated. Second, the sine wave from 20.7 to 0.7 is saturated. Then, a primary delay system time with 0.2 time constant is applied. Finally, the vibration is adjusted from 0 to 70.
The calculated target angle and measured angle are shown in Figure 17 . It is confirmed that the calculated angle generates the same motion as human movement. In the experiment, angular velocity and angular acceleration are calculated by the target angle. From these values and equation (13), the target torque is calculated. Figure 18 shows surface EMG in the condition without the prototype and with the prototype for K = 0.16 N m/°and K = 0.24 N m/°. In both conditions, the viscous coefficient D was set as 0. The results confirmed that the surface EMG decreased the muscle load of the knee extension. In addition, an increase in the target elasticity K leads to a decrease in the muscle load. Hence, a larger target elasticity K corresponds to a more compatibility movement. Figure 19 shows surface EMG in the condition without the prototype, with the prototype for K = 0.10 N m/°a nd D = 0.0 N m s/°, and with the prototype or K = 0.10 N m/°and D = 0.05 N m s/°. It is confirmed that the surface EMG lessens the muscle load of the knee extension regardless of the viscous coefficient. In addition, the surface EMG decreased in the up-motion phase in condition D = 0.05 when compared with D = 0.0. It was assumed that the viscosity decreased the muscle load for controlling inertia. Figure 20 shows the knee angle in the same conditions as in Figure 19 . From the results, it was confirmed that the viscosity reduced the vibration at the end of the up-motion phase.
Summary and future work
In this study, an actuation system for human assistance was proposed. The system consisted of a variable viscoelasticity joint and a clutch to enhance the back-drivability. A prototype for knee assistance with the proposed joint system and controller for the variable viscoelasticity joint system were developed. In addition, two surface EMG measuring experiments were conducted to confirm the effectiveness of the proposed variable viscoelasticity joint system. Future work will involve the development of an exoskeleton that can assist the hip and the ankle to evaluate the proposed method in practical use.
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